Recent studies have shown that the bicarbonate reabsorptive capacity ofthe proximal tubule is increased in metabolic acidosis. For net bicarbonate reabsorption &o be regulated, there may be changes in the rate of apical H+ secretion as well as in the basolateral base exit step. The present studies examined the rate of Na+/H+ exchange (acridine orange method) and Na+/HCO3 cotransport (22Na uptake) in apical and basolateral membranes prepared from the rabbit renal cortex by sucrose density gradient centrifugation. NH4C loading was used to produce acidosis (arterial pH, 7.27±0.03), and Cl-deficient diet with furosemide was used to produce alialosis (arterial pH, 7.51±0.02). Maximal transport rate (V..) of Na+/H' antiporter and Na+/HCO3 cotransporter were inversely related with plasma bicarbonate concentration from 6 to 39 mM. Furthermore, the maximal transport rates of both systems varied in parallel; when V. for the Na+/ HCO3 cotransporter was plotted against V,,x for the Na+/H+ antiporter for each of the 24 groups of rabbits, the regression coefficient (r) was 0.648 (P < 0.001). There was no effect of acidosis or alkalosis on affinity for Na+ of either transporter. We conclude that both apical and basolateral H+/HCO3 transporters adapt during acid-base disturbances, and that the maximal transport rates of both systems vary in parallel during such acid-base perturbations.
Introduction
Reabsorption of water and solute by the renal proximal tubule is a dynamic process that can adapt to several changing physiologic factors: glomerular filtration rate, state of acid-base and electrolyte balance, and different hormones. The Na+/H' antiporter ofthe brush border membrane ofproximal tubules shows adaptive changes in the maximal rate oftransport (V.,) in metabolic acidosis (1) (2) (3) and metabolic alkalosis (4) . Other factors, including parathyroidectomy, glucocorticoid administration, unilateral nephrectomy, potassium depletion, and renal ablation also increase the V.,. of the brush border Na+/H+ antiporter (1, (5) (6) (7) (8) . Recently a sodium/bicarbonate cotransporter has been described in basolateral membrane vesicles prepared from rabbit renal cortex (9, 10) . This transporter plays a significant role in bicarbonate reabsorption and regulation of intracellular pH in the proximal tubular cell (11) (12) (13) (14) (15) (16) (17) (18) (19) . The factors that regulate the activity of this transporter have not yet been identified.
Recent work has established that systemic pH, and therefore peritubular pH, plays a central role in the regulation of bicarbonate reabsorption in the proximal tubule (20, 21) . Indeed, the intrinsic reabsorptive capacity for bicarbonate of the proximal tubule is increased in chronic respiratory (22) and metabolic acidosis (23) , and decreased in chronic metabolic alkalosis (24) . Because bicarbonate reabsorption represents a vectorial process by which H' is secreted across the brush border membrane and base equivalents are transported across the basolateral membrane, these findings raise the possibility that the activity of the bicarbonate reabsorptive processes in both membranes may be adaptively regulated during states of chronic acid-base disturbance.
Renal proximal cells in rats with chronic metabolic acidosis show significant reductions in intracellular pH, as estimated by weak acid accumulation (25), 31P nuclear magnetic resonance (26) , and the contents of citrate and alpha-ketoglutarate (27) . Such a fall in intracellular pH might stimulate H' secretion across the brush border membrane by activation of the Na`/H+ antiporter (28) . Ifthe base exit step across the basolateral membrane is also stimulated in acidosis, then the intracellular pH of proximal tubular cells would remain low as a consequence of the parallel changes in the mechanisms of H' transport across the brush border membrane (e.g., Na+/H' antiporter), and base exit across the basolateral membrane.
The present studies examined the possibility that adaptive changes of these transporters occur in response to acid-base disturbances. The results of our present studies indicate that V,,s of Na+/H' antiporter and Na`/H;03 cotransporter adapted in parallel to metabolic alkalosis and acidosis, without significant changes in Michaelis constants (K.) for sodium. This adaptive response to acid-base disturbances would maintain intracellular pH in a relatively narrow range when the rate of transcellular bicarbonate absorption is changed by metabolic acidosis or alkalosis.
Methods
Experimental models were devised to study metabolic alkalosis and acidosis of relatively short duration, e.g., 24-48 h. A paired design was utilized because control rabbits can display a fairly wide range ofsystemic pH (2) . In every instance, a group of experimental and control animals, obtained in the same shipment from a single vendor, were studied at the same time. Female New Zealand white rabbits, weighing 1.7-3.0 kg, were used in these studies.
Arterial blood was obtained with a heparinized syringe from the medial ear artery and kept on ice until analyzed with an ABL I Acid-Base Laboratory (Radiometer A/S, Copenhagen, Denmark). Enzyme assays. Maltase activity was determined by measuring the release of glucose from maltose with the hexokinase reaction (30) . Na+/ K+-dependent ATPase activity was assayed with the coupled assay of Schoner et al. (31) . Protein concentration was determined using the method of Lowry et al. (32) . Na+/Hi antiporter assays. Na+/H+ exchange rates were determined using the fluorescence quenching of acridine orange as previously described (33 Na+/HCO3 cotransporter assays. Na`/HCO3 cotransport rates were measured by isotopic sodium uptake (9) . Briefly, 22Na uptake was measured at 250C by a rapid filtration technique. The basolateral membrane vesicles were preloaded with 200 mM sucrose, 50 mM Hepes/Tris, pH 7.5, and 1 mM magnesium chloride. The uptake was initiated by vortexing 5 Ml of membrane suspension in 25 Ml of uptake media. The final sodium concentrations were varied between 4.2 and 42 mM, and triplicate determinations were made at each so that Eadie-Hofstee analysis could be used to obtain values for V. and Km. The 2-s uptake period was terminated by rapid mixture of 30 Ml of incubation mixture with 1.5 ml of ice-cold stop solution (200 mM sucrose, 50 mM Hepes/Tris, pH 7.5, 40 mM potassium sulfate), the mixture rapidly transferred to a prewetted 0.45 Mm filter (Millipore/Continental Water Systems, Bedford, MA), and washed with an additional 3 ml of ice-cold stop solution. Filters were counted by scintillation spectroscopy. Differences between 22Na uptake in the presence of 21 mM bicarbonate compared with gluconate were used as the activity of the Na+/HCO3 cotransporter (9) .
Statistics. Kinetic parameters were obtained by linear regression analyses of Eadie-Hofstee plots. A total of six sets of animals were studied in the alkalosis model, and six sets in the acidosis model. Experimental animals and control animals were included in each set. The treatment of the animals in each paired control and experimental set of rabbits was as similar as possible. Rabbits from the same shipment were used for each set. Vesicle preparation and transport assays were done simultaneously for each set so that paired statistical analyses could be used to analyze the results. Statistical significance ofthe differences in the paired studies was estimated by paired t test between the control and experimental results in each set. Results are expressed as mean±SEM.
Results
Dietary manipulation and/or diuretics significantly influenced the pH and bicarbonate concentration of arterial blood in acidotic and alkalotic groups (Table I ). In the acidotic series, arterial blood pH was 7.27±0.03 in the experimental group and 7.41±0.02 in the control group for this series. In the alkalotic series, arterial blood pH was 7.51±0.02 in the treated group and 7.39±0.02 in the controls. Blood bicarbonate concentrations in the acidotic series were 9.7±1.1 mM and 22.0±0.7 mM in their controls. Blood bicarbonate concentrations in the alkalotic series were 32.7±1.5 mM in the alkalotic group and 21.6±1.3 mM in their controls. The different sham treatments of both control groups did not induce any differences in their measured blood chemistries (Table I ; nonpaired t tests). Acidotic rabbits had significant hypocapnia and hyperchloremia. ALkalotic rabbits had significant hyponatremia, hypochloremia, and hypokalemia. There were significant increases in the blood urea nitrogen levels in the alkalotic and acidotic groups compared with their controls, but the changes in the serum creatinine concentrations did not reach statistical significance. These results suggest that both models of acid-base change were associated with volume de- pletion.
The enrichments of maltase activity in the brush border (Table I ). In addition, there were not any significant correlations between marker enzyme specific activities (Table II) (35) . At present, the contribution of an apical membrane H+-ATPase to bicarbonate reabsorption in the proximal tubule is not well defined (20, 36) , so this transport system was not examined in the present studies.
The present experiments utilized sucrose density gradients (29) for the simultaneous preparation ofbrush border and apical membranes from the same kidneys. Although this advantage was considered crucial for the present experimental design, it must be pointed out that the resulting brush border membrane vesicles do not have the same degree ofenrichment as is obtained with the standard magnesium aggregation method in this laboratory (2, 33) because the sucrose density preparation has been optimized for the preparation of basolateral membrane vesicles (29) . Furthermore, the absolutes rates of Na+/H' antiporter activity compare very well with previous determinations in control and metabolic acidosis (2) , lending further support to the adequacy of the membrane preparations for the present studies.
Another point relates to the assessment ofthe acid-base status of the animals. We have previously observed that the measurement of arterial pH at the time of sacrifice may underestimate the severity of metabolic acidosis, presumably because of acute hyperventilation. In a previous study, we used plasma total CO2 contents as measured by microcalorimetry (2) . In the present study, we used arterial blood gas determinations, but found that the blood bicarbonate concentration was the most appropriate variable for estimating the acid-base status because any shortterm effects of hyperventilation at the time of sampling would be minimized. Experimental models for metabolic acidosis and alkalosis were chosen to represent more than an acute change in acidbase status (Table I) . At least three animals were treated in each group, and arterial blood gas determinations were done on the morning of sacrifice and membrane preparation. Two or three animals were used for the membrane preparations, the choice being based upon the measured blood bicarbonate concentrations. Thus, the animals were selected before sacrifice to most nearly represent the desired acid-base condition. In addition, two or three control rabbits were simultaneously sacrificed with their experimental group so as to minimize spontaneous variations in the membrane transport rates. Our previous studies have demonstrated the absolute necessity of such a paired design (2) . The open (control) symbols in Figs. 3 and 4 show the fairly wide variability in transport rates even though the acid-base status ofthe control animals was carefully defined. While it is obvious that there may be factors other than acid-base status that account for variation in basal transport rates, the present studies used contemporaneous controls in an effort to minimize intraanimal variability. Whereas both acidosis and alkalosis were associated with mild volume depletion (judging from the increased blood urea nitrogen levels), the volume status was similar in both sets of controls so this factor may not necessarily explain the variability observed in the control groups.
A final technical point pertains to the determination ofmaximal rates oftransport. At least five sodium concentrations were used in each assay, and each was assayed in quadruplicate so that Vm. and Km values could be compared between groups.
While it would be desirable to compare the rates ofH' secretion across the apical membrane to the rate ofbicarbonate exit across the basolateral membrane, such a comparison would be premature in our view. Maximal rates of transport are determined under different experimental conditions for each transport system. The actual rates of transport in vitro may well be affected by the intracellular pH, buffering, divalent cations, etc. Furthermore, it is not certain that the amiloride-sensitive Na+/H' antiporter is the only means by which H' is secreted across the apical membrane (20, 36) . For these reasons, even though it is possible to convert the observed rates ofNa+/H' exchange (FU/ mg protein * s) to flux rates (37) and Na+/HCO3 cotransporter are regulated in a parallel fashion (Fig. 5 ). Both systems vary inversely with the blood bicarbonate concentration ( Figs. 1 and 2 ). Vm., of the Na+/H+ antiporter and Na+/HCO3 cotransporter increased in metabolic acidosis and decreased in metabolic alkalosis, without any change in the Km values of either system (Table III) . The comparison in Fig.  5 emphasizes the parallel changes that occurred in each system. Furthermore, the fact that the control points (open symbols) are distributed along the regression indicates that there is a strong concordance of the maximal transport rates for both systems in vivo.
Most of the filtered load of HCO3 is reabsorbed in the proximal tubule (20) . The rate ofproximal tubular bicarbonate reabsorption shows strong dependence on the filtered load of bicarbonate (22, 38, 39) . In chronic metabolic acidosis induced by ammonium chloride, the absolute rate of total CO2 absorption in the proximal tubule is reduced when compared with control hydropenic conditions (40) . When compared at comparable luminal total CO2 concentrations and tubular fluid flow rates, however, the rate oftotal CO2 absorption is significantly increased in the acidotic state (23) . Therefore, whereas the increased V,, ofthe Na+/H' antiporter in acidosis (1) would increase proximal bicarbonate reabsorption, the absolute rate of reabsorption appears to be limited in vivo by the reduction in bicarbonate concentration of the glomerular filtrate (23, 40) . Even though the absolute rate of bicarbonate reabsorption is reduced in vivo in metabolic acidosis, it appears that the adaptation of the V.. of the Na+/H' antiporter is of physiologic importance. The data in Fig. 1 confirm our previous finding that the degree ofadaption of V. is directly related to the severity of induced metabolic acidosis. The direct implication of this finding is that the renal responses to perturbations in systemic pH and/or bicarbonate concentration are of regulatory importance, in contrast to previous interpretations (41) .
Bicarbonate absorption by proximal renal tubules is considered to be mediated by Na+/H' exchange and perhaps H+-dependent ATPase in the apical membranes (20, 36) , and Na+/ HCO3 cotransport (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) and 14CO3/Cl-exchange (35, 42) in the basolateral membrane. Of these transporters, the Na+/H' antiporter in the brush border membrane and Nae/HCO3 cotransporter in the basolateral membrane are considered to play major roles in regulating the intracellular pH ofproximal tubular cells (17) . Our Tsai et al. (2) observed that the V. of Na+/H' antiporter increased in renal cortical brush border membrane vesicles prepared from rabbits with metabolic acidosis. This finding was also observed in rats by Kinsella et al. (2) . We confirmed these findings in the present study, and have observed that V. of the Na+/HCO3 cotransporter in basolateral membrane vesicles is also increased in metabolic acidosis. Such parallel regulation may be a mechanism to maintain acid-base homeostasis of the animal, with maintenance ofintracellular pH in a relatively narrow range. Another possibility is that cell pH falls during metabolic acidosis and this in turn stimulates the activity of the apical membrane Na`/H+ antiporter (28) . Concurrent activation of the basolateral bicarbonate exit step would maintain the relatively acidic cell pH and thereby maintain the stimulation of the apical H+ secretory system(s) in metabolic acidosis. Alternatively, the increased V. ofthe Na+/HCO3 cotransporter may be a primary event in metabolic acidosis, decreasing the cell bicarbonate and pH, and thereby activating the Na+/H+ antiporter (28) so that cell pH becomes less acidic. This sequence of events is consistent with the measured rates ofboth transport systems during short-term changes in the luminal and peritubular pH (17) . However, the adaption to subacute acid-base pertur-bations examined in our studies is not simply a matter of allosteric activation of the transporters, but rather an absolute increase in Vm. (either number of carriers or increased turnover of each carrier) which persists when the membranes are isolated and studied in vitro under defined conditions ("memory effect"). Whatever the teleologic reason for the parallel regulation of both transport systems during acid-base disturbances, it seems likely that the combined effect would maintain cell pH within a relatively narrow, albeit acidotic range. At the expense ofcontinued intracellular acidosis, the secretion of H' into the lumen, and bicarbonate reabsorption would be maximized. An implication of this hypothesis is that the response of the proximal tubule to metabolic acidosis would defend systemic pH by enhancing proximal proton secretion and bicarbonate reabsorption despite continued intracellular acidosis.
In contrast to metabolic acidosis, regulation of bicarbonate absorption in proximal tubules ofalkalotic animals is somewhat controversial. Reduced glomerular filtration is responsible, at least acutely, for maintaining the alkalotic state in Munich-Wistar rats (43) . In longer term studies, increased bicarbonate absorption by the renal proximal tubule was observed even when glomerular filtration rate was restored to normal (38) . This increase was accounted for by chronic adaptive hypertrophy of the proximal tubule and a load-dependent response indistinguishable from that seen in normal rats (38) . Recently Liu and Cogan (39) found that bicarbonate rebsorption in the late proximal convoluted tubule was flow dependent but also inhibited by alkalemia and chronic metabolic alkalosis (24) . This inhibition of bicarbonate absorption was attributed to impaired bicarbonate exit from the cell (24, 38) . Our results (Fig. 2 and Table I) suggest that activity of the bicarbonate exit step is decreased during metabolic alkalosis because ofa decrease in the maximal activity ofthe Na+/ HCO3 cotransporter.
Suspended proximal tubular cells from rabbits with metabolic alkalosis showed a decrease in amiloride-sensitive, sodium-dependent intracellular alkalinization compared to normal controls (4) . The present studies used a similar metabolic alkalosis protocol, as did Blumenthal et al. (4) , and demonstrated that Na+/ HCO3 cotransport activity was suppressed in metabolic alkalosis. The model utilized is diuretic-induced, C--deficiency alkalosis with attendant hypokalemia. The fact that Na+/H+ antiporter activity was not significantly reduced in this model of hypokalemic, hypochloremic metabolic alkalosis may be the result of hypokalemia, which has been shown to increase the activity of the Na+/H' antiporter (8) . Even though reduction in V,,. of the Na+/H+ antiporter was not statistically significant by paired t test (Table III) , it should be pointed out that V., decreased in each of the six experiments, but the control rates of Na+/H+ antiporter activity were quite variable (Fig. 4) .
In summary, maximal transport rates of the Na+/H+ antiporter and the Na+/HCO3 cotransporter are inversely related with the plasma bicarbonate concentration from 6 to 39 mM. Furthermore, the maximal transport rates ofboth systems varied in parallel; when Vm. for the Na+/HCO3 cotransporter was plotted against Vm.. for the Na+/H' antiporter for each of the 24 groups of rabbits, the regression coefficient (r) was 0.648 (P <0.001). There waso effIect of acidosis or alkalosis on the affinity for Na+ of either transporter. We conclude that both apical and basolateral H+/HCO3 transporters adapt during acidbase disturbances, and that the maximal transport rates of both systems vary in parallel. These parallel changes would maintain the intracellular pH in a relatively narrow range during chronic changes in the extracellular pH and could represent an adaptive response of the proximal tubule that would tend to correct the chronic acid-base disturbance.
